Cyclic GMP (cGMP) is an important second messenger in eukaryotes. It is formed by guanylyl cyclases (GCs), members of the nucleotidyl cyclases class III, which also comprises adenylyl cyclases (ACs) from most organisms. To date, no structures of eukaryotic GCs are available, and all bacterial class III proteins were found to be ACs. Here we describe the biochemical and structural characterization of the class III cyclase Cya2 from cyanobacterium Synechocystis PCC6803. Cya2 shows high specificity for GTP versus ATP, revealing it to be the first bacterial GC, and sequence similarity searches indicate that GCs are also present in other bacteria. The crystal structure of Cya2 provides first structural insights into the universal GC family. Structure and mutagenesis studies show that a conserved glutamate, assisted by an interacting lysine, dominates substrate selection by forming hydrogen bonds to the substrate base. We find, however, that a second residue involved in substrate selection has an unexpected sterical role in GCs, different from its hydrogen bonding function in the related ACs. The structure identifies a tyrosine that lines the guanine binding pocket as additional residue contributing to substrate specificity. Furthermore, we find that substrate specificity stems from faster turnover of GTP, rather than different affinities for GTP and ATP, implying that the specificity-determining interactions are established after the binding step.
T
he second messenger cGMP plays a central role in regulating bodily function such as the cardiovascular system and vision (1) . In mammals, cGMP is formed by a family of guanylyl cyclases comprising a soluble GC (sGC) and several transmembrane receptor enzymes (rGCs). Mammalian GCs have a catalytic domain fused, via a central domain, to either an extracellular ligand binding domain (rGCs) or a nitric oxide binding heme domain (sGC) (1) (2) (3) . In lower eukaryotes, guanylyl cyclase domains are fused to a variety of regulatory domains and function in processes such as cell motility control or chemotaxis (4) .
All known guanylyl cyclases belong to class III of the purine nucleotidyl cyclase family, which was subdivided in six phylogenetically separated classes, I-VI, based on sequence homologies within the catalytic cores (5, 6) . Class III also comprises adenylyl cyclases (ACs) from almost all domains of life (no member has been confirmed in plants), including most bacteria (7) . GCs, in contrast, have been described only in Dictyostelium and higher organisms, and their existence in prokaryotes has only been speculated upon (8) . Despite their physiological importance, no structural data on GC enzymes are available to date. For class III ACs, in contrast, several crystal structures have been reported, revealing a conserved basic architecture of the catalytic cores (6, (9) (10) (11) , which is assumed to be shared by GCs (1, 12) .
Class III cyclases require dimerization of two catalytic domains for activity, which leads to formation of shared active sites in ACs (6, 7) . Modeling studies indicate that several features of these AC active sites also apply to GCs (13) . Two conserved acidic residues bind the nucleoside triphosphate via two divalent ions, normally magnesium (9, 14) . One ion contributes to catalysis (catalytic ion A), whereas the second ion (ion B) interacts with the nucleotide ␤-and ␥-phosphates for substrate binding and possibly for leaving group stabilization. With few deviations, mainly in microbial cyclases, two conserved active-site residues in ACs form hydrogen bonds to the adenine base of the substrate and confer specificity for ATP (12) : A lysine interacts with N1, and an aspartate or a threonine acts as hydrogen bond acceptor for the 6-amino group. In GC enzymes, these positions are also conserved and contribute to GTP specificity (12) : A glutamate replaces the lysine and is supposed to interact with N1 and the 2-amino group. The second position is occupied by either a cysteine or a serine, possibly for interaction with the guanosine 1-keto group. Despite these similarities, GCs often show lower substrate specificity than ACs (9, 12) , and mutagenesis studies on these key residues often enable only the partial conversion of a GC to an AC and vice versa (12, 15, 16) . Furthermore, class III genes have been identified that do not carry one of the generic AC or GC residues at these positions (9, 12) . The Rhizobium meliloti AC Cya1, e.g., carries a glutamine/threonine pair (12) , and Cya2 from Synechocystis PCC6803 has the GC characteristic glutamate but carries a glycine at the second position (12, 17) . Knocking out the cya2 gene caused a loss in cGMP levels in Synechocystis (17) , suggesting that Cya2 could be the first bacterial GC enzyme to be identified or, alternatively, that Cya2 is an AC with high GC side activity due to the lack of one of the specificity-determining side chains.
Here we present the biochemical and structural characterization of Cya2, revealing the first bacterial GC enzyme and the first crystal structure of a GC catalytic domain. The enzyme shows high specificity for GTP, and crystal structure and mutagenesis results indicate that the conserved glutamate, assisted by a lysine, dominates substrate selection through formation of hydrogen bonds. The second position, in contrast, influences substrate specificity indirectly by providing space for proper orientation of the substrate. Furthermore, we find that the specificity-mediating interactions are formed after an initial binding step, which does not discriminate between ATP and GTP. activity ( Fig. 1A and Table 1 ). Thus, Cya2 qualifies as the first bacterial guanylyl cyclase to be identified and, surprisingly, shows higher substrate specificity than most cyclases, which carry two putative hydrogen bonding partners for the substrate base (12) .
The Ͼ100-fold-higher GC activity over AC activity could either stem from a higher affinity for GTP or be caused by its faster turnover. We thus determined K m values for ATP and GTP (Table  1) . Saturation curves with the substrate GTP yielded a K m of 0.1 mM (Fig. 1B) . Experiments with ATP as substrate indicated a similar affinity, but measurements were unreliable because of the low AC activity. We thus tested ATP affinity in competition experiments. Adding between 0 and 6 mM Mg 2ϩ -ATP in assays with 3 mM GTP as substrate lowered GC activity in a dosedependent manner (Fig. 1C) . From the ATP concentration resulting in half-maximal inhibition (IC 50 ), we calculated the affinity for ATP, with the equation (19) , to be 0.05 mM, comparable to the affinity for GTP. To confirm this surprising result, we used a more sensitive radioimmunoassay (RIA) for measuring saturation curves with either GTP or ATP as substrate. Again, comparable K m values were obtained for GTP (0.22 mM; Table 1 ) and ATP (0.10 mM; Fig. 1D ). These results show that both nucleotides bind to the active site, that they do so with comparable affinities, and that GC specificity primarily stems from different turnover efficiencies.
Dependency of Cya2 Activity on Ionic Strength and Divalent Ions. The initially purified Cya2 homodimer exhibited a strong dependency of its oligomerization state on ionic strength. In gel filtration experiments ( Fig. 2A) , the protein behaved as a monomer at high salt concentrations (20 mM Tris buffer plus 200 mM NaCl), as a higher oligomer (trimer or tetramer) with no NaCl added, and as a dimer at a concentration of 50 mM NaCl. Consistent with a homodimer as active Cya2 species, conditions favoring Cya2 dimerization yielded the highest activity (data not shown), and specific Cya2 activity depended on protein concentration (Fig. 2B) . Assuming a homodimerization equilibrium, we determined a K d of 8 M in the presence of 50 mM NaCl. This value is consistent with the weak dimerization affinity observed for a mammalian AC (11) and the working model that dimer rearrangements and stabilization contribute to class III regulation (11, 20) .
In class III cyclases, two divalent cations contribute to substrate binding (ion B) and catalytic turnover (ion A) (6, 9) . Consistently, we found that either Mg 2ϩ or Mn 2ϩ is essential for Cya2 activity, and Mn 2ϩ alone led to a higher specific activity than Mg 2ϩ alone (Fig. 2C) . The highest activity, however, was found when using both alone, in contrast, was only slightly reduced, indicating that magnesium addition to manganese increases activity mainly through improved substrate binding. The observation that magnesium increases substrate affinity only if manganese is also present suggests a complex interplay between the two ions, but more extensive studies will be required to reveal the details of this interaction. Like most class III cyclases (6, 21) , however, Cya2 could be inhibited by adding micromolar concentrations of calcium or zinc (data not shown), which can compete for the ion A and B sites (9) .
The Crystal Structure of Cya2 Confirms a Close Similarity Between GCs
and Class III ACs. To provide a first experimental structure of a GC enzyme and to examine the molecular details of a GC active site, we solved the crystal structure of the homodimeric Cya2 catalytic core (Fig. 3A) . The structure was refined at 2.3-Å resolution to R cryst and R free values of 19.8% and 28.2%, respectively (Table 2) , with no residues in the disallowed region of the Ramachandran plot and 92.3% of the residues in the most favorable areas. The Cya2 monomer within the tightly packed homodimer (dimerization interface area of 1,578 Å 2 ) carries a central seven-stranded ␤-sheet (Fig. 3A) , and the monomers dimerize through a clamp formed by ␤4 and ␤5. Although Cya2 uses a different substrate and carries unique regulatory domains, the overall fold of the catalytic core resembles the known structures of AC catalytic dimers from bacteria ( Fig. 3B ) and higher organisms (6, 9) . Differences compared to the AC enzyme CyaC include an extended C terminus in Cya2 that folds back on strand ␤8 and helix ␣3. Furthermore, ␤7 and ␤8 are slightly extended, whereas ␣3 is truncated and the loop between ␣3 and ␤4 is considerably shortened. Despite these differences, the Cya2 structure experimentally confirms that the conserved general architecture of class III catalytic domains now includes GCs, as suggested by AC structures and the low but significant sequence similarities in this enzyme family (6, 11, 12).
The GC Active Site. The GC active site of Cya2 comprises several features known from AC catalytic cores (6, 9) . It is located at the dimer interface and is formed by residues from both monomers (Fig. 3C) . The conserved aspartates, Asp-448 and Asp-492, are oriented toward each other to form the ion A and ion B sites for the two divalent cations. Interestingly, all six monomers of the three dimers in the asymmetric unit have very similar overall conformations, but only one active site of each dimer has these residues oriented in a manner that both ions would be coordinated by both aspartates. In the second active site, Asp-448 is turned around and provides only one oxygen for the ion sites. This conformation is influenced through an interaction with Arg-450 and appears to be an inactive state but might also be an open form ready to accommodate ions and substrate. Notably, ''half-of-the-sites'' activity was previously proposed for the bacterial AC enzyme Rv1900c based on asymmetry in its crystal structure and the observation that heterodimers of mutants reconstituting a single active site displayed wild-type activity (9, 22) . Similar experiments with Cya2 resulted in no increase in activity when Cya2-Asp492Ala was mixed with Cya2-Lys560Ala, which would reconstitute one active site in heterodimers (Fig. S2) . Combining either mutant with Cya2 wild type revealed a dominant negative effect, as previously reported for mammalian rGC mutants (23, 24) . Thus, Cya2 shows an active-site communication that appears to be typical for homodimeric GCs, but its details remain to be revealed.
Using the structural conservation between Cya2 and the AC enzyme CyaC, we generated a model of a nucleotide in the Cya2 active site. From superposition of Cya2 with a CyaC/ATP␣S complex, the nucleotide was transferred and then modified into GTP␣S (Fig. 3D) . The model illustrates that the conserved Arg-573 contributes to the phosphate binding site, whereas the conserved Lys-608 points away but could reach a substrate through a local conformational change. In the hydrophobic pocket responsible for binding of the substrate base, the Glu-488 characteristic for GCs has a position and an orientation identical to those of the conserved lysine in ACs, which contributes to adenine base recognition (12) . Glu-488 is well oriented for interaction with the guanine base, especially at the 2-amino group and possibly also at position N1. The orientation of the Glu-488 side chain is stabilized through Lys-560. This interaction was previously speculated on based on sequence alignments [''supporting residue'' hypothesis (12)]. Our structure Numbers in parentheses are for the outermost shell. *R merge ϭ ͚ I Ϫ ͗I͘/͚ I; I is the intensity of an individual measurement, and ͗I͘ is the corresponding mean value. † R-factor ϭ ͚͉͉Fobs͉ Ϫ k͉Fcalc͉͉/͚͉Fobs͉; ͉Fobs͉ is the observed and ͉Fcalc͉ the calculated structure factor amplitude. ‡ Rfree was calculated from 5% of measured reflections omitted from refinement.
confirms this interaction, which is likely to be a general feature of GCs.
Comparison of the Cya2 structure to ACs confirms the sequencebased assumption (12, 17) that Gly-562 occupies the second position involved in base recognition in AC enzymes. ACs typically carry an adenine-binding aspartate or threonine at this position (12) . Having a glycine at this site means that one of the assumed hydrogen bonding interactions with the base cannot be present, and it also means that more space is available at this side of the base binding pocket. Close to the opposite edge of the base, Cya2 carries a tyrosine (Tyr-572) that replaces Ala-1149 in CyaC and that would be positioned properly for a hydrogen bond to the guanine 2-amino group (Fig. 3D) . Most of the space needed for this replacement is provided by replacement of CyaC Phe-1015 by Cya2 Thr-446, but Tyr-572 is still closer to the base, which requires the base to shift toward Gly-562 for proper binding. In this way, Gly-562 appears to contribute to base recognition by providing space that enables an optimized interaction between guanine and other active-site residues such as Glu-488 and Tyr-572.
The Active-Site Glutamate Conserved in GCs Dominates Cya2 Substrate Specificity. To further analyze the role of active-site residues we tested Cya2 variants for their activity and specificity. First, we changed the conserved GC residue and hydrogen bond acceptor Glu-488 into the AC-characteristic hydrogen bond donor lysine (12) . Consistently, the Cya2-Glu488Lys variant showed clearly reduced GC activity in comparison to the wild type and a 100-fold increased AC activity (Fig. 4A) . Like for wild-type protein, we found that the K m values for ATP (0.10 mM) and GTP (0.14 mM; Fig. 4B and Table 1 ) are comparable. Thus, this conserved residue strongly influences substrate selection in Cya2 and presumably in most GCs, likely by forming hydrogen bonds (see above), but only after an initial, nonspecific binding step has taken place.
We next investigated the role of the unusual glycine (Gly-562) of Cya2. The corresponding position is typically occupied by a cysteine in GCs (assumed to act as hydrogen bond donor) and by an aspartate in ACs (assumed to act as hydrogen bond acceptor) (12) . Changing Gly-562 to aspartate indeed increased AC activity and reduced GC activity (Fig. 4C) . However, the mutant's AC activity did not exceed its GC activity and also stayed low compared with the Glu-488/Lys mutant, indicating that this residue is not as strong a determinant for substrate specificity as Glu-488. Surprisingly, changing the glycine to cysteine (Cya2-Gly562Cys), i.e., generating the generic GC pair glutamate/cysteine, diminished GC activity to approximately half of wild-type activity, whereas AC activity was slightly increased (Fig. 4C) . Thereby, GTP specificity was lowered to values observed for GCs natively carrying the glutamate/cysteine pair, such as mammalian sGC, which shows 5% AC side activity (25) . Thus, adding a second putative H-bond partner increases only AC activity, whereas GC activity is even lowered, and we conclude that this residue serves a different function in GCs than forming a hydrogen bond to guanine. Consistently, a Cya2-Gly562Ser mutant carrying a side chain that can act as hydrogen bond donor and acceptor also showed increased ATP turnover but dramatically decreased GC activity ( Fig. 4C and Table 1 ). Based on our structural data, we suggest a sterical function for Gly-562, i.e., to provide space for proper orientation and binding of GTP to Glu-488 and additional residues such as Tyr-572, which lines the base binding pocket opposite from Gly-562. Contribution of additional residues to specificity is indicated by the observation that the same glutamate/serine pair can lead either to the GC activity of a GC from Paramecium (26) or to the AC activity of Cya2-Gly562Ser (Fig. 4C ). This notion is further supported by results we obtained with a double mutant Glu488Lys/Gly562Asp. Based on hydrogen bonding residues, increased AC activity would have been expected. However, AC and GC activity were both decreased compared with wild-type Cya2 and the single-site mutants Gly562Asp (Fig. 4C) and Glu488Lys (Fig. 4A) . We thus analyzed the contribution of additional residues to specificity. Changing the newly identified guanine interaction partner Tyr-572 to phenylalanine lowered the GC activity (Fig. 4D) , consistent with a hydrogen bond from the tyrosine hydroxyl group to guanine. However, a Cya2-Tyr572Ala mutant showed further decreased GC activity and an increase in ATP turnover (Fig. 4D and Table 1 ), indicating that this residue also contributes sterically to specificity by restricting the base binding site opposite to Gly-562. We also tested the ''supporting residue'' Lys-560, which we found to interact with Glu-488 (see above) and which thus should influence specificity by fine-tuning the orientation of this guanine-recognizing residue. Consistent with such a function, exchange of Lys-560 to alanine significantly lowered the GC activity of Cya2 and slightly increased its AC activity (Fig. 4D) . We conclude that the conserved Glu-488 dominates substrate specificity, supported by Lys-560, and that Gly-562 influences specificity in a more subtle way than hydrogen bonding, together with Tyr-572.
Cya2-Like Bacterial Cyclases Are Present in a Wide Range of Prokaryotes.
No function for cGMP and thus for GCs has yet been established in bacteria. The discovery of the bacterial GC enzyme Cya2 raises the question of whether GCs exist in a wider range of prokaryotes. We thus did a BLAST search of the UniProt database for bacterial Cya2 homologs and analyzed hits for sequences carrying the glutamate/glycine combination of the highly GTPspecific Cya2 wild type. Thereby, we identified several putative class III GCs from a variety of bacteria of the phyla cyanobacteria, actinobacteria, and proteobacteria (Fig. 5) . Comparison with confirmed bacterial adenylyl cyclase in a phylogenetic tree reveals that the putative bacterial GCs cluster together, indicating that they form a defined cyclase subfamily (Fig. S3) . Interestingly, a subset of the putative GCs carries a tyrosine at the position equivalent to Tyr-572 of Cya2 (Fig. 5) , reinforcing their classification as GCs; other sequences carry a serine or alanine also found in ACs, which might indicate that these enzymes have a decreased specificity compared with the highly specific Cya2, or that the function of Tyr-572 is exerted by other positions in other cyclases. Putative GC containing organisms also comprise pathogens such as Mycobacterium ulcerans, which causes the common human mycobacteriosis Buruli ulcer (27) , and Lyngbya sp., which causes swimmer's itch (28) . We thus assume that Cya2 is a representative of a widespread bacterial subfamily of the class III GCs, and further studying the physiological functions of these enzymes might also be of medical interest.
Discussion
Class III is the largest and most prevalent nucleotidyl cyclases family (5, 6, 9). All known eukaryotic ACs belong to class III, and most prokaryotes possess class III ACs (7, 29) . Furthermore, all known GCs are grouped into class III (2, 4) . GCs so far have been identified only in eukaryotes, whereas all cyclases from prokaryotes tested biochemically were found to be ACs (12) . Consistently, no function is known for cGMP in bacteria, although the related cyclic dinucleotide c-di-GMP was found to be important for motility and biofilm formation in several prokaryotes (30) . Our finding that Cya2 from Synechocystis PCC6803 is a highly specific GC shows, however, that GCs are not restricted to eukaryotes. The identification of Cya2-like cyclase sequences in other prokaryotes in fact indicates that Cya2 is a representative of a larger bacterial GC subfamily. Cya2 appears to be a receptor GC (17) functioning as osmosensor (18) , but the exact physiological functions of Cya2 and of bacterial GCs in general remain to be elucidated and will be interesting targets for future research.
In both ACs and GCs, magnesium ions are assumed to be the physiological active-site ions, but for most class III cyclases nonphysiological concentrations of manganese lead to higher activities (31) . Manganese is a trace element in eukaryotes but appears to be present in higher concentrations in cyanobacteria (32) and could be a physiological cofactor for Cya2. The increased activity of eukaryotic cyclases in presence of Mn 2ϩ could be an evolutionary remnant or simply be due to the larger size and more flexible coordination geometry of manganese (9, 33) .
A major reason that contributed to the late discovery of a bacterial GC is our still-incomplete understanding of substrate selection and the incomplete conservation of substrate-recognizing residues (12) . Based on the current model of substrate selection through hydrogen bond formation (12), a low specificity would have been expected for Cya2 with its glutamate/glycine pair because of the missing second side chain. However, our results show that the GTP specificity of Cya2 even exceeds that of many other GCs, which tend to display considerable AC side activity (9, 12) . We find that the GC-characteristic glutamate dominates this substrate specificity. The first crystal structure of a GC presented here shows that this residue is positioned analogous to the conserved lysine in ACs (9, 11) , apparently for the formation of hydrogen bonds to the substrate base. However, changing in Cya2 the second position assumed to interact with the base into a residue capable of hydrogen bonding increased AC activity but decreased GC activity, even when introducing the cysteine found in many GCs (12) . We thus assume that the second position forms hydrogen bonds in ACs but has a different function in GCs. Consistently, similar exchange experiments in other cyclases most times did not result in a complete switch of specificity, especially when trying to convert an AC into a GC (12, 15) . Introducing the AC-characteristic hydrogen bond partner in the second position can strongly contribute to ATP specificity (16) and in the case of sGC was even sufficient to switch its specificity (15) , but a more subtle role in GCs would make it more difficult to introduce the correct interactions through a single mutation. The Cya2 structure indicates that the second residue, Gly-562, contributes sterically to substrate selection. It reveals Tyr-572 as novel substrate binding residue, and this interaction requires a base orientation best enabled by a small residue in position 562. The lack of strict conservation of Tyr-572 means that another residue can assume this function in other GCs, indicating that features slightly varying in detail have developed during evolution for substrate recognition by GCs. Our results further show how additional residues, which do not directly contact the base, can contribute to specificity and activity: The conserved, positively charged ''assisting'' residue Lys-560 (12, 16) acts by positioning and neutralizing the conserved glutamate.
Our data show that GTP selection takes place only after the initial binding step. Similar affinities for ATP and GTP have also been reported for a mammalian soluble GC (25) , and our results on a receptor GC indicate substrate selection after binding to be a general feature of GCs. It even appears necessary to fully explain mammalian AC specificity (34) . This finding could be important for the physiological regulation of GCs, because ATP is present in comparable or even higher concentrations as GTP in most cells, and it explains the long-known inhibitory effect of ATP on mammalian GCs (35) . Mechanistically, it implies that specific interactions to the nucleotide base, such as the hydrogen bonds assumed in Cya2 based on a GTP complex model, and observed in structures of AC/nucleotide complexes (9, 36) , are established or optimized after the initial binding step. The Cya2 structure described here is one of few structures of a class III cyclase without a ligand, either nucleotide analog or regulator (9) . Comparison to different states of AC enzymes (10, 11) shows that it acquires a closed conformation previously proposed to be induced by substrate binding (9, 36) . Thus, Cya2 has to open up for uptake of the nucleotide before it can close again, either induced by substrate binding or as part of substrate conversion as predicted in an alternative model (6, 10) . We assume that this closure movement enables the specificitydetermining interactions to the nucleotide in the active site. It remains to be elucidated whether the open-closed transition is also the step facilitated by activators such as G s ␣ for ACs (11, 21) and p21-activated kinase for GCs (37) .
Methods
Cloning of Cya2 and Site-Directed Mutagenesis. Cya2 catalytic domain (protein residues 434 -635) was PCR-amplified from Synechocystis genomic DNA and cloned into pET151/D-TOPO (Invitrogen), resulting in a N-terminally his-tag construct with a TEV (tobacco etch virus) protease cleavage site. Cya2 mutants were generated by using the QuikChange site-directed mutagenesis (Stratagene) protocol.
Fig. 5.
Cya2-like cyclases in other prokaryotes. Shown is a sequence alignment of eukaryotic and mammalian AC and GC domains, Cya2, and several prokaryotic sequences obtained from a BLAST search of the UniProt database. Shown are the regions containing the specificity-determining residues, which are highlighted in red. pGCk, putative guanylyl cyclase.
Protein Expression and Purification. Catalytic domains of Cya2 and Cya2 mutants were expressed in Escherichia coli BL21(DE3) at 37°C in Luria-Bertani broth containing 100 g/ml ampicillin. Expression was induced at OD600 of 0.8 by adding 0.5 mM isopropyl-thiogalactoside, and culturing continued at 20°C overnight. Cells were disrupted in a French press, and cell debris was removed by centrifugation at 18,000 rpm for 45 min at 4°C in a HFA 22.50 rotor. The supernatant was supplemented with 10 mM imidazole and incubated with Talon resin (Clontech) for 1 h at 4°C. The resin was washed with 10 volumes of buffer A (50 mM Tris⅐HCl, pH 7.8/500 mM NaCl) and 10 volumes of buffer B (50 mM Tris⅐HCl, pH 7.8/200 mM NaCl), each supplemented with 10 mM imidazole. Protein was eluted with buffer B containing 200 mM imidazole. For activity assays, the protein was concentrated by using a Centriprep-10 (Millipore) and further purified by gel filtration on a S12 column (GE Healthcare) in buffer C (20 mM Tris, pH 7.8/50 mM NaCl/3 mM TCEP). For crystallization, the affinity chromatography elution buffer was exchanged to buffer B with 7 mM 2-mercaptoethanol by using a NAP25 column (GE Healthcare), and the his-tag cleaved off by incubation with TEV protease overnight at 10°C. Cleaved protein was incubated with Talon resin for 1 h at 4°C, and the flow-through was subjected to gel filtration as described above. The purified protein was concentrated and stored at Ϫ80°C. Activity Assays. GC and AC activity assays were done in a 30-l volume of 20 mM Tris⅐HCl (pH 7.8), 50 mM NaCl, 5 mM GTP or ATP, 10 mM MgCl 2, 1 mM MnCl2, and 0.5-2.5 g/l protein. Deviations from this standard setup are noted in the description of the respective experiment. Samples were incubated at 30°C for 30 min, and cAMP or cGMP was determined by using ELISA kits (Biomol) according to the instructions of the manufacturer.
For the RIA, 4.2-30 g of Cya2-wt or Cya2-E488K was incubated for 10 min at 30°C in a 10-l total volume of 3 mM DTT, 0.25 mg/mg BSA, 10 mM MgCl2, 1 mM MnCl 2, 50 mM triethalolamine hydrochloride (pH 7.4), and 6.25-3,000 M GTP or ATP as indicated. Reactions were stopped by addition of 90 l of ice-cold 100 mM sodium acetate (pH 6), put on ice, and 3 l of a 2:1 mixture of triethylamine and acetic anhydride were added. cGMP or cAMP were then determined by using a RIA as described (38, 39) .
Crystallization, Data Collection, Structure Solution, and Refinement. Crystallization experiments were carried out at 20°C with 30 mg/ml Cya2. Initial crystallization conditions from factorial screens (Hampton Research) were refined to 16% PEG 3350 and 20 mM MgCl 2, yielding well diffracting crystals in space group P2 1. For data collection, crystals were soaked with reservoir solution supplemented with 30% (vol/vol) glycerol. A complete dataset was collected at 2.3-Å resolution at SLS beamline X10SA. Data integration and reduction were done with HKL2000 (40) .
The structure of Cya2 was solved by using Patterson search techniques using Phaser (41) with a structure of CyaC [Protein Data Bank ID code 1WC1 (10)] as search model. The structure was rebuilt and refined with Coot (42) and Refmac (43) , respectively. Weak to medium noncrystallographic symmetry restraints between all six monomers in the asymmetric unit were applied, except for loops. Individual isotropic Debye-Waller factors were refined for all atoms, and, in later stages of refinement, chains were refined as individual TLS groups (44) and solvent atoms were added. The refined structure was analyzed by using ProCheck (45) , the protein/protein interaction server (www.bioinformatics.sussex.ac.uk/ protorp/), and the quality check functions of Coot.
